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sch, and other catalytic processes. This review focuses on cost effective technologies and the processes to 
convert biomass into useful liquid biofuels and bioproducts. One of the most promising options to pro- 
duce transportation fuels from biomass is the so-called biomass to-liquid (BTL) route, in which biomass 
is converted to syngas from which high-quality Fischer-Tropsch (FT) fuels are synthesized. Pretreatment 


a of biomass is an important part of the BTL route, both to allow feeding of the biomass into the selected 
Second generation biofuels entrained-flow gasifier and to reduce transport costs by densification. A large-scale, central, overseas BTL 
Biorefinery synthesis plant would be the most attractive route for BTL production and it identifies biomass-to-liquid 
BTL (BTL) fuels as the most promising way to accomplish the target. The evaluation of the future role of BTL is 
GHG emissions difficult due to complex and uncertain interdependencies between factors of influence. This study elabo- 
LCA rates a life cycle assessment of using of BTL-fuels and the possible implementation of BTL-fuel production 


processes would potentially help to achieve this goal. The emissions of greenhouse gases due to transport 
services could be reduced by 28-69% with the BTL-processes using straw, forest wood or short-rotation 
wood as a biomass input. The reduction potential concerning non-renewable energy resources varies 
between 37% and 61%. BTL-fuel from forest wood is an interesting option to reduce the greenhouse gas 
emissions and environmental impacts. The LCA study shows that it is possible to produce BTL-fuels, which 
are competitive to fossil fuels from an environmental point of view. But, it also shows that for the use of 
agricultural biomass further improvements in the life cycle would be necessary in order to avoid higher 
environmental impacts than for fossil fuels. There is no general conclusion concerning the comparison 
of BTL-fuels with other renewable or fossil fuels due to the variety of different conversion concepts and 
possible biomass resources. 

© 2011 Elsevier Ltd. All rights reserved. 
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1. Introduction 


Biomass to liquid is a process by which, liquid biofuels pro- 
duced from biomass. A generation with potential for the future: 
biomass-to-liquid fuels promise high returns and CO, neutrality as 
well as ideal prospects for large-scale production. Lignocellulose 
provides the basis for this fuel such as straw, wood, energy crops, 
agricultural waste - nearly all sorts of solid biomass in the world 
can be considered for the production of BTL biofuel. To produce 
BTL biofuel, biomass is converted into synthesis gas, which is 
subsequently processed into synthetic biofuels. Just as in the 
production of bioethanol from lignocellulose, the entire plant is 
used for BTL biofuels. This increases yields, while at the same 
time reducing the land that needs to be cultivated [1,2]. BTL fuels 
also have a very special property: their quality is even better than 
that of fossil fuels. They excel through significantly lower CO, 
emissions, zero emission of particulate matter, low NO, emissions 
and an adjustable product quality (octane and cetane number). As 
a result they can be used pure or as a blend in vehicles without 
the engine having to be modified. Biomass to liquid (BTL) is one 
of the most promising processes available in the fuel sector. The 
greatest advantages of the resulting synthetic biofuel lie in the high 
biomass yield (up to 40001/ha), its high potential to reduce CO, 
emissions by over 90% and its high quality, which is not subject to 
any limitations of use in either today’s engine or foreseeable next- 
generation engines. In its fuel strategy, the German government 
has therefore stated that BTL fuels have great potential for securing 
supply, mitigating climate change and providing added value in 
rural areas, and has decided to promote the development of this 
innovative fuel in a number of ways. German industry has earned 
itself a leading position in the global development of this technol- 
ogy. Biomass to liquid (BTL) or BMTL is a (multi step) process to 
produce liquid biofuels from biomass: the process uses the whole 
plant to improve the carbon dioxide balance and increase yield [3]. 


e The Fischer-Tropsch process is used to produce synfuels from 
gasified biomass. While biodiesel and bio-ethanol production so 


far only use parts of a plant i.e. oil, sugar, starch or cellulose, BTL 
production uses the whole plant which is gasified by gasification. 
The result is that for BTL, less land area is required per unit of 
energy produced compared with biodiesel or bioethanol. 

e Flash pyrolysis - producing bio-oil, char and gas at temperatures 
between 350 and 550°C and residence times <1s (also called 
anhydrous pyrolysis). 

e Catalytic depolymerization - using heat and catalysts to separate 
usable diesel fuel from hydrocarbon wastes. 


The term BTL is applied to synthetic fuels made from biomass 
through a thermo chemical route. The objective is to produce 
fuel components that are similar to those of current fossil-derived 
petrol (gasoline) and diesel fuels and hence can be used in exist- 
ing fuel distribution systems and with standard engines. They are 
also known as synfuels. Although the processes for production of 
BTL are well known and have been applied using fossil-feedstocks 
such as methane (GTL) or coal, commercial biofuels based on 
these technologies are not currently available in the market place 
[4]. However, BTL research & development in Europe is gathering 
momentum and the world’s first commercial BTL plant is under 
construction in Frieberg Saxony, utilizing the Choren Carbo-V® Pro- 
cess. 


2. Biomass-to-liquid (current process) 


Currently, the major biomass-to-liquid production processes 
are gas-to-liquid conversion and pyrolysis. Both processes employ 
heat and chemical reactions to convert biomass into fuels, chem- 
icals and power. The products of both processes are cleaner and 
more efficient than the solid biomass from which they were 
derived. Another benefit is that biomass-to-liquid processes can 
convert types of biomass such as wood and agricultural residues 
that are difficult to handle using other biofuel production processes. 
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2.1. Pyrolysis 


In this process, biomass is heated in the absence of oxy- 
gen to produce liquid pyrolysis oil sometimes called bio-oil, 
which can be burned like fuel oil or refined into chemicals and 
fuels. Several commercial facilities produce energy and chemi- 
cals from pyrolysis oil. Upgrading pyrolysis oil to high-quality 
hydrocarbon fuels has been demonstrated at a non-commercial 
scale. 


2.2. Gasification 


Gasification is not a new technology however its use for the 
conversion of biomass into a viable fuel has only been investi- 
gated for past thirty years. Syngas can be produced from biomass by 
two routes namely catalytic and noncatalytic. Noncatalytic process 
requires a very high temperature of operation, as high as 1300°C, 
whereas catalytic process can be operated at substantially lower 
temperature. With more advances in the catalysis, the temperature 
requirement is expected to go downward further from the current 
value of about 900°C [5]. The gasification step involves reacting 
biomass with air, oxygen, or steam to produce a gaseous mixture of 
CO, CO2, H2, CHy, and N3 either known as producer gas or synthesis 
or syngas, depending on the relative proportions of the compo- 
nent gases. In terms of producing synthetic fuels from biomass, the 
Choren process is the most advanced. In the process developed by 
the company of the same name, the gasification of the biomass is 
followed by Fischer-Tropsch synthesis. The final product is a highly 
pure fuel - depending on the type of synthesis, more diesel, more 
petrol or more kerosene is produced. The company from Freiberg 
in Saxony currently owns the world’s only facility that can produce 
a biomass-to-liquid fuel (BTL). The mineral oil company Shell is 
now collaborating with Choren to further develop and expand this 
facility. 


2.3. Liquefaction 


In the direct liquefaction, the biomass is converted into a liq- 
uid fuel without a synthetic gas being produced in-between. This 
promises a considerable improvement in thermal efficiency com- 
pared with the synthesis gas process. In this process, liquid is 
obtained by thermo-chemical conversion at low temperature and 
high pressure using a catalyst in the presence of hydrogen. 


2.4, The Fischer-Tropsch process 


Fischer-Tropsch (F-T) diesel is produced by converting syn- 
thesis gas (syngas) a mixture of carbon monoxide and hydrogen 
produced from fossil fuels such as natural gas and coal or 
biomass into liquid diesel. In 1923, Franz Fischer and Hans Trop- 
sch first studied conversion of coal-derived syngas into useful 
compounds (diesel is one of many chemicals and fuels that can 
be derived from syngas), using what was to become known as 
Fischer-Tropsch synthesis. Key to the process is catalysts: sub- 
stances that facilitate a chemical reaction but are not consumed 
by the reaction. A schematic of the overall process can be shown in 
three steps with each step taking place in the presence of a specific 
catalyst: 


1. Syngas formation: Old hydrocarbon + Oxygen > Syngas 
2. Fischer-Tropsch reaction: Syngas > New Hydrocarbon + Water 
3. Refining: New hydrocarbon — Fuels, Chemicals, etc. 


The benefit of the process lies in converting a relatively inflexible 
energy source into a variety of products that meet specific needs. 


Fischer-Tropsch 
synthesis 


Diesel 
Gas 
cleaning | i 
Biomass Kerosene 
gasification 
Petrol 


Fig. 1. Main steps of BTL production of fuels. 


Because petroleum-based transportation fuels are in high demand 
worldwide. 

The production process for BTL starts with grinding and drying 
of biomass which is then formed into pellets. Feedstock biomasses 
that may be used in this process include wood, straw, corn, garbage, 
and sewage-sludge. The biomass-pellets are diverted into a gas 
(smouldering gas) and solid fraction (charcoal) in a low temper- 
ature gasification process and transformed into a synthetic gas in 
a second step. After purification the gas is liquefied in a so called 
“Fischer-Tropsch” reaction, in which carbon monoxide (CO) and 
hydrogen (H) react and form carbo-hydrogen chains. The result- 
ing paraffin-like liquid isomerizes to increase stability and then 
distilled or “hydro-treated”. In this step, the specifications of the 
fuel can be fine-tuned to match the requirements of the engines by 
altering the form or length of the fuel molecules [5]. This fine-tuning 
is not possible in the currently used standards refining process for 
dieselor gasoline, hence BTLis also nicknamed “designer fuel”. Sixty 
percent of the distillate can be used directly as a diesel fuel, while 
the other fractions can be used in the chemical industry or be fur- 
ther processed into gasoline or kerosene. The details are given in 
Fig. 1. 


3. Technology of BTL production 


All the BTL-processes that are currently under development fol- 
low the same fundamental principles. In a first step usually a high 
proportion of water containing biomass has to be grinded and dried. 
The next step is gasification of the dried biomass to the syngas. By 
this chemical synthesis carbo-hydrogen chains are formed from 
carbon monoxide and hydrogen. The Fischer-Tropsch-synthesis is 
well known since quite a long time and it was used in Germany 
during World War II to synthesize fuel from coal. The technical 
problem is that the technology of the coal-to-fuel synthesis used in 
huge facilities cannot simply scaled down to the smaller facilities 
needed to produce BTL. Moreover, today environmental concerns 
have to be taken into account that played no role in a war economy. 

The most difficult step is the production of the syngas from the 
dried feedstock. This part of the conversion process is a thermo- 
chemical conversion, in which the gasified biomass is decomposed 
into the main components hydrogen and carbon monoxide. The 
control of this process is a complicated but very important part 
of the conversion because the product gas has specific properties 
in order to be usable for synthesis. In Germany the BTL-process is 
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actively researched by four laboratories: Choren Industries, CUTEC- 
Institute, FZK-Institute, and Technical University of Freiberg. The 
processes researched at these institutes share the same basic con- 
version steps, but in their details they differ considerably. These 
differences lead for example to different requirements regarding 
the kind and state of the feedstock. Hence, in the end an over- 
all evaluation of BTL is not possible but one has to distinguish 
between the different processes. At present only the Choren pro- 
cess has reached the stage of turning to a demonstration plant 
on an industrial scale. Therefore, it seems appropriate to use the 
implementation plans of Choren industries as a guideline when 
modeling the system aspects of producing BTL fuels. The Carbo-V 
process offers a number of advantages compared to the production 
of bio-ethanol and biodiesel. The high temperature combustion in 
the Carbo-V gasifier yields in connection with the following process 
steps a high-grade gas that is free from tar, chlorine and sulphur. 
In the Fischer-Tropsch synthesis, carbon and hydrogen are recom- 
bined into long chain paraffin and waxes. The synthetic diesel is 
then derived from the raw synthesis product in a multistage pro- 
cess [6]. Because the specifications of fuel can fine-tuned by altering 
the form and length of the fuel molecules. It is possible to match the 
requirements of the engine constructors — hence, the terms “syn- 
fuel” and “designer fuel”. This fine-tuning cannot be achieved in 
the currently used conventional fuel refining processes. The possi- 
bility to optimize engine and fuel in a consistent process leads to 
very low emission combustion, which is an important side effect of 
BTL. Another advantage is that the available biomass per hectare is 
larger because the whole plant can be used and not only parts of it 
as is the case with bio-ethanol or first generation biodiesel. Finally 
one should note that as any form of biomass may be used - not only 
biomass containing high proportions of sugar or starch - monocul- 
ture is not essential and at least partly, extensive cultivation may 
be cost-effective [7,8]. In 1998 Choren Industries started the opera- 
tion ofa pilot plant in Freiberg, Germany to test the Carbo-V process 
with a variety of feedstocks. In 2003, the first industrial prototype 
plant was put into operation and the first synthetic fuel from wood 
shreds was produced. 

In October 2007, the first industrial scale plant was started 
to operate in Freiberg. It has to convert about 10 tons anhydrous 
biomass to 2.5tons sun diesel with a planned yearly output of 
15,000 tons per year and it needs a feedstock of about 60,000 tons 
anhydrous biomass. 

In the meantime this study with the critical evaluation of the 
rapidly increasing use of biofuels has been cited in several media, 
journals and reports of international organizations. Some of these 
publications considered so called “second-generation” biofuels as 
a promising option in order to overcome the concerns about the 
presently marketed biofuels [9,10]. For the production of synthetic 
fuels, first a synthesis gas is produced from the biomass by means 
of gasification. In a second stage, synthetic fuel is produced out 
of this gas and therefore, a typical process is the Fischer-Tropsch 
synthesis. In principle several types of biomass including wood and 
cellulose or lignin containing plants can be used as a raw material. 
Also the use of many non-edible plants would be possible, which 
should avoid negative implications due to competition with the 
food production. 

Different types of synthetic fuels can be produced in this type of 
processes. The most common ones made from biomass are: 


e BTL: biomass-to-liquid. A synthetic fuel with similar fuel proper- 
ties as conventional diesel. 

e SNG: synthetic natural gas. A possible replacement of natural gas. 

e DME: dimethylether. A fuel with similar properties as LPG (liquid 
petroleum gas). 

e Ethanol. 


e Methanol. 


The same type of process can also be used with fossil resources 
e.g. for the production of GTL (gas-to-liquid) using natural gas or 
coal-to-liquid (CTL). So far such fuels are not marketed. The first 
commercial plant worldwide with an annual production capacity 
of 15,000 tons BTL (biomass-to-liquid) per year should be com- 
missioned in 2008. The conversion plant is erected in Freiberg, 
Germany by the company Choren. A second larger plant is planned 
to be erected in Schwedt, Germany with an annual production of 
250 Mio. l of fuel. The fuel from the first plant should be used for 
the first tankful of cars sold by Volkswagen and Daimler Chrysler. 

This paper aims to compare the environmental impacts over 
the full life cycle of using BTL-fuels with fossil diesel or petrol. The 
following questions are addressed and answered in this paper: 


e What are the environmental impacts of using BTL fuels compared 
to fossil diesel? 

e What is the importance of fuel combustion in relation to the total 
environmental impacts caused by using the fuels? 

e How high is the reduction in the global warming impacts com- 
pared to fossil fuels? 

e What are the results of a comparison with biofuels already avail- 
able on the market and investigated in a former study? 

e What are the yields per hectare compared to other types of bio- 
fuels? 


The life cycle inventory from well-to-tank of several types of 
so called biomass-to-liquid (BTL) fuels has been elaborated in a 
report [11]. Results of the comparison based on the energy content 
delivered to the tank are discussed in a public LCA report [12] and 
that LCA has been critically reviewed according to the ISO 14040 
standards. 

The life cycle inventory of the use of BTL fuels in passenger cars 
(tank to wheel) and for the transportation services provided by cars 
can be found. The functional unit is the transportation of one per- 
son over 1 km in a passenger car. The life cycle impact assessment 
is elaborated. The results of this LCA are compared with results 
from similar LCA studies on BTL fuels. Some methodological issues 
concerning the differences of so called well-to-wheel studies and 
full life cycle assessments or cradle-to-grave studies are clarified. 
The life cycle inventory data on fuel combustion can be found in an 
annex, which is available for ecoinvent members only. This life cycle 
assessment of using BTL fuels follows in general the normal proce- 
dure of an LCA. The LCA has not been critically reviewed according 
to the ISO 14040 standards [12]. 


4. Technology and production processes 


From the study of the above discussed plant, we can draw con- 
clusions on the dimensions of the full scale plant, which presumably 
has started put into operation around 2010 at the location of Lub- 
min, Germany. The production capacity of this full scale plant will 
be about 250,000 tons of sun diesel. Taking the proportions of the 
Freiberg industrial scale plant, the full scale plant needs a feed- 
stock of around 1 million tons of anhydrous biomass. The crop yield 
per hectare depends on a lot of factors: what kind of energy plant 
is employed, the quality of the soil, climate, the use of fertilizers, 
the use of herbicides and pesticides, etc. This alone constitutes a 
complex system which is worth to be investigated by SD meth- 
ods, because, for example, the incentives to use herbicides not only 
depend on the kind of crop but also on climate, soil, and politi- 
cal regulations; the development of the quality of the soil over 
time depends on the type of plant that is grown, but also on the 
volume and kind of fertilizers employed; the cultivation method 
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(monoculture, use of herbicides) influences the biodiversity which 
feeds back to the amount of infestation. In a SD-model the yield per 
hectare will be an interesting parameter (or maybe a variable) for 
which sensitivity analysis may produce interesting insights into the 
substitution potential of BTL, the need and the prospective amount 
of subsidies, etc. For the moment, let us assume an average value 
of biomass produced on cultivated land of 15 tons anhydrous mass 
per hectare. In this case an area of cultivable land in the order of 
700 km?. Because in Germany even rural areas are quite densely 
populated, 700 km? of cultivable land can very well mean that the 
feedstock for one full scale plant has to be grown on an area of about 
1000 km2. Given the size of Germany and the intensive use of land 
for other purposes the number of full scale industrial BTL plants is 
presumably, better treated as a discrete, not a continuous number 
[13]. 


4.1. Pre-treatment 


Biomass, however, is different from coal in many respects; the 
most relevant relates to feeding. Biomass requires significant pre- 
treatment to allow stable feeding into the gasifier without excessive 
inert gas consumption [14]. Several pre-treatment options can be 
chosen and the two most promising are (1) torrefaction and (2) 
flash-pyrolysis to produce a bio-slurry. In this assessment pre- 
treatment by torrefaction is assumed. Torrefaction is a mild thermal 
treatment in which CO2 and H20 are evaded and the material is 
made brittle and very easy to mill. The process is suitable for a 
wide range of biomass materials and has a high energy efficiency 
of up to 97%. The torrefied material can be handled and fed to the 
gasifier within existing coal infrastructure [15]. In addition to the 
requirement to pre-treat the biomass for feeding, it may also be 
desired for purpose of densification of the material. Due to the 
smaller volume transport costs are reduced and the stability of the 
gasifier operation is increased, due to the higher energy density of 
the feed. However, in the approach in this paper no pre-treatment 
prior to transport is performed; pre-treatment is carried out prior 
to gasification. 


4.2. Gasification 


The heart of the process is a pressurised oxygen-blown 
entrained flow gasifier. This technology was identified as optimum 
technology for biosyngas production as it has the advantages of: 
(i) high efficiency to biosyngas [16], (ii) fuel flexibility for all types 
of biomass e.g. wood, straw, and grassy materials, (iii) suitability 
for scales of several hundreds to a few thousand megawatt, and 
(iv) possibility to operate on coal as back-up fuel [17]. Entrained 
flow gasification for coal is a well-established and commercial 
technology. 


4.3. Biosyngas conditioning 


The raw syngas from the gasifier needs significant cleaning and 
conditioning and treating to be suitable for catalytic synthesis. 
A typical gas condition line-up comprises gas cooling, water-gas 
shift, CO removal, and impurities removal (e.g. H2S, COS, HCN, 
volatile metals). Cooling can be achieved with a cooler or water 
quench. The advantage of a cooler is that the latent heat in gas 
can be utilized, however, in the case of biomass firing, there is an 
increased risk of fouling due to the relative high alkaline and chlo- 
ride concentrations compared with coal. In a water quench fouling 
problems are avoided. Except for the gas cooling, the biosyngas 
conditioning and treating is similar to fossil-based syngas e.g. a 
coal-to-liquid (CTL) plant. Biosyngas can be cleaned to meet FT 
specifications with proven and commercial available technologies. 


There are no biomass-specific impurities that require a totally dif- 
ferent gas cleaning approach [18]. 


4.4, Fischer-Tropsch synthesis 


Fischer-Tropsch synthesis is an established technology and the 
two companies Shell and Sasol have already commercialized their 
FT technology. It is assumed that a commercial FT process is applied 
in the BTL plant. 


5. Production of BTL fuels 


The life cycle inventory of BTL fuel production has been inves- 
tigated in a European research project (RENEWS) and documented 
electronically. Different conversion plant developers provided data 
of the conversion processes. The data are mainly based on technical 
modeling of such plants, which is based on experiences and knowl- 
edge gained from the research work done in the RENEW project. Life 
cycle inventories of transport services with BTL fuels, where so far 
no reliable first-hand information is available (e.g. emission profiles 
of power plants, concentration of pollutants in effluents or the use 
of catalysts) and assumptions are based on literature data. Thus, 
sometimes it is difficult to distinguish between different process 
routes because differences could not be investigated. 

We like to emphasize that the different conversion processes 
investigated in this study have different development degrees. 
Thus, data presented in the paper represent the current develop- 
ment status of the respective technology. According to the authors 
a lot of effort was used in order to investigate LCI data as accurate 
as possible [19]. All conversion concepts are based on their optimal 
technology. Four concepts are investigated on a scale of 500 MW 
biomass input and one was investigated based on 50 MW biomass 
input. Some conversion concepts might be improved by increas- 
ing the plant size up to 5 GW, this has not been considered in the 
LCI study [19]. The RENEW partners UET and Choren work closely 
together for the planning of the first commercial plant. 

The products produced by the different process chains are not 
100% identical with regard to their physical and chemical specifi- 
cations. All interpretations based on the data investigated in this 
study must consider the herewith-linked technology background 
[19]. Here we show the conversion rate from biomass to fuel in 
terms of energy, the plant capacity and the production volume per 
hour. The BLEF-DME process has the highest conversion rate fol- 
lowed by the cEF-D process. The ICFB-D process has a rather low 
conversion rate (biomass to fuel) because it produces large amounts 
of electricity as a by-product. The electricity is only burdened with 
direct air emissions from the power plant, but not with the pro- 
duction of biomass. This is a worst-case assumption for the BTL fuel 
and reflects the project idea of mainly producing fuel. A further fuel 
investigated in the LCI study is dimethylether produced from black 
liquor in paper plants [19,20]. The use of dimethylether is mainly 
foreseen for the use with trucks. So far it is mainly discussed in 
Scandinavian countries. It is excluded here for the discussion on 
passenger cars in the Swiss context, because reliable information 
on exhaust emissions was not available. 

The biomass to liquid (BTL) technology is one of the most 
promising technologies in the fuel sector. A technology is required 
to bridge the gap between today’s biodiesel and ethanol fuel and 
the fuel of the future hydrogen. This technology must use biomass 
and not be subject to any limitations of use in either today’s engine 
or foreseeable next-generation engines. These demands can be 
fulfilled using biomass gasification and a subsequent synthesiza- 
tion to fuel. As BTL technology makes it possible to harness the 
energy from all sorts of biomass, the spectrum of usable biomass 
will be extended considerably. The yield per hectare could be 
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increased significantly compared to first-generation biofuels (up to 
40001 of fuel per cultivated hectare according to information from 
the Fachagentur Nachwachsende Rohstoffe). BTL offers Germany a 
great opportunity to become more independent from fossil energy 
sources and could thus be a vital ingredient in the medium to long- 
term safeguarding of supply in the fuel sector. As it also has the 
potential to reduce carbon dioxide emissions by over 90% com- 
pared to fossil fuels, BTL can also make an important contribution 
to the mitigation of climate change. 

In addition to its technical, climatic and supply advantages, 
the BTL technology could also safeguard existing employment 
and indeed generate new jobs in plant construction and agricul- 
ture. If biomass energy is generated from domestic resources, this 
improves the economic value of rural areas and provides the agri- 
cultural sector with a new market. Both this innovative synthetic 
fuel and its production in Germany are also of great significance 
from an industrial point of view. Germany plays a leading role today 
in the field of BTL technology, and the extension of this would also 
serve to open up new export opportunities. Due to its high qual- 
ity and the fact that its properties can be optimized systematically 
during synthesis, BTL is an ideal fuel for the next generation of 
internal combustion engines. It can also be used without problem 
in jet and turboprop engines. BTL can thus be considered one of 
the few fuel options available for aviation besides fossil kerosene. 
In its fuel strategy, the German government has therefore stated 
that BTL fuels have great potential to safeguard supply, mitigate cli- 
mate change and provide added value in rural areas, and in addition 
to providing financial and active support for this implementation 
report, it already promotes a variety of BTL fuel projects, one of 
the aims being to provide answers to unresolved questions regard- 
ing the technology and to provide an ecological and economical 
evaluation of these second-generation biofuels. The Federal Min- 
istry of Food, Agriculture and Consumer Protection (BMELV), has 
been taken lots of initiative using the promotion to pursue a com- 
prehensive strategy in the production of synfuels using biomass. 
The promotional measures not only include the narrower technical 
development of BTL processes, but also cover the complete produc- 
tion chain, from cultivation and harvesting to the conditioning of 
adapted biofuels. The BMELV’s promotional measures, thus cover 
the complete BTL production chain, from research and develop- 
ment projects on provision and cultivation processes in the joint 
energy crop project EVA, through the conditioning and logistics of 
biomass being examined in the joint BioLog project, and the project 
of the Technische Universitat Bergakademie Freiberg in Saxony 
and the Forschungszentrum Karlsruhe aimed at setting up demon- 
stration plants to fuel synthesis in the methanol-to-synfuel (MTS) 
process. Flanked by academic projects on economical, ecologi- 
cal and other non-technical questions, the promotional measures 
of the German government, with the participation of reputable 
businesses, are pushing development forwards throughout the pro- 
duction chain. The German government is also working to provide 
good conditions for the further development of these fuels through 
introduction of the Biofuel Act [21] and has helped Choren Indus- 
tries to fund the construction of a first commercial BTL plant in the 
Saxon town of Freiberg. Interest in the BTL technology is now also 
very strong at a European level. The EU Biofuels Directive issued 
in 2003 requires biofuels to be given a market share of 2% (based 
on the energy content) by 2005, increasing to 5.75% by 2010. BTL 
is expected to play an important role in the follow-on regulations, 
which are currently being drawn up. In the well-regarded, Well- 
to-Wheels analysis, which was carried out by the Joint Research 
Centre of the European Commission with the European Council for 
Automotive R&D (EUCAR) and the European petroleum industry 
(CONCAWE) [22], the outstanding potential of BTL as a climate- 
friendly fuel option was clearly shown. The recently established 
European Biofuels Technology Platform is also dedicating a large 


part of its activities to second generation biofuels. If BTL fuels are to 
become competitive, industrial BTL production in Germany must be 
made possible. Therefore, BTL Implementation report is an impor- 
tant step in the right direction. 

The schematic line-up of the integrated biomass gasification 
and Fischer-Tropsch synthesis (BTL) plant is shown in Fig. 2. The 
heart of the process is a pressurised oxygen-blown entrained flow 
gasifier. This technology is the optimum technology for biosyn- 
gas production as it has the advantages of: (i) high efficiency to 
biosyngas, (ii) fuel flexibility, (iii) scalability from hundred to a few 
thousand megawatt, and (iv) possibility to operate on coal as back- 
up fuel. Biomass requires significant pre-treatment to allow stable 
feeding into the gasifier without excessive inert gas consumption. 
Torrefaction is one of the most promising routes, as it has an effi- 
ciency of up to 97% and torrefied biomass can be handled and 
fed to the gasifier with existing coal infrastructure. The raw syn- 
gas from the gasifier needs significant conditioning and treating 
to be suitable for catalytic synthesis. Biosyngas can be cleaned to 
meet FT specifications with proven and commercial available tech- 
nologies. There are no biomass-specific impurities that require a 
totally different gas cleaning approach. Fischer-Tropsch synthesis 
is an established technology and the two companies Shell and Sasol 
have already commercialized their FT technology. It is assumed that 
commercial FT processes are applied in BTL plants. To determine 
the (economic) optimum scale for BTL fuel production a simple 
logistics system based on local biomass (i.e. no overseas import) 
was used. The fuel production costs are composed of the costs for 
the biomass feedstock material, transport, transhipment, storage, 
pre-treatment, and the conversion (gasification, cleaning, synthe- 
sis, and product upgrading). 

In the assessed system, it is assumed that the BTL plant is located 
in the centre of a circular forest area. The radius of the area, and 
resultantly the average transport distances, depends on the scale 
of the BTL plant, i.e. on the amount of biomass feedstock required. 
Woody biomass from the forest is chipped and dried to 7% moisture. 
The dried chips (4€/GJgm) are transported by truck to a BTL plant. 
On site of the BTL plant, the biomass is pre-treated by torrefaction 
with 97% efficiency, to yield a material that can be fed to the gasifier 
and allows stable gasification. The pre-treatment costs are fixed at 
1.5€/GJ of pre-treated material. In the oxygen-blown entrained 
flow gasifier the biomass is converted into biosyngas with 80% 
chemical efficiency. The raw biosyngas is cooled, conditioned, and 
cleaned from the impurities. The on-specification biosyngas is used 
for Fischer-Tropsch synthesis to produce C5+ liquid fuels. Conver- 
sion efficiency from biosyngas to FT C5+ liquids is 71%. All FT liquid 
products are equally considered as a fuel. The capital costs for the 
BTL plant are calculated with the derived equation. Annual capital 
(CAPEX) and operational (OPEX) costs are calculated with a depreci- 
ation period of 15 years (linear), a required IRR of 12%, operation and 
maintenance (O&M) costs of 5%, and a plant availability of 8000 ha 
per year. In Fig. 3 below, the cumulative FT fuel production costs 
are shown for five typical scales. The production costs decrease 
from 30 €/GJFT for a 50 MWth plant to just above 15 €/GJFT at a 
scale of 8500 MWth. The latter scale of the projected Shell Qatar 
plant is comparable to a conventional oil refinery. At large scale, the 
biomass costs of 7.3 €/GJFT make up half of the fuel costs. At small 
scale, the investment costs are determining cost item, i.e. two-third 
of the fuel costs. The results are given in Fig. 3. 

The transport, transhipment, and storage costs are only a small 
cost item, independent of the scale and related transport dis- 
tances. The results also show that no advantage can be taken from 
decreasing the plant size, as the decrease in transport costs is 
completely outweighed by the increasing investment costs. The 
economy of BTL plants is very dependent on the production scale 
and large-scale facilities are required to benefit from the economy 
of scale. Upon increasing plant sizes, the decrease in investment 
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Fig. 2. Schematic line-up of the integrated BTL plant. 


costs is much more significant than the increase in transport costs. 
Large-scale plants in the gigawatt range yield the lowest fuel pro- 
duction costs. In large BTL plants, the FT fuel production costs 
are approximately 15€/GJ or 55€ct/L. This means that at the 
current oil price of ~60 $/bbl the biomass-based Fischer-Tropsch 
fuels are competitive. The scope of this study was to answer 
the question: “what is the (economic) optimum scale for BTL 
fuel production”. Considering all aspects related to required pro- 
duction capacity, implementation aspects, biomass logistics, and 
fuel production economy, according to the authors “The optimum 
scale of a BTL plant lies in the range of 2,000 to 4,000 MWth (or 
16,000-32,000 bbld)”. 


5.1. FT oil or green motor fuel from biomass 


Franz Fisher and Hans Tropsch first studied conversion of syngas 
(CO + H2) into large number of useful organic compounds in 1923. 
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Fig. 3. Scale dependency of FT fuel production costs. For illustration: 
15 €/GJrr + 55 €ct/L. 


The syngas produced by gasification of biomass can be converted 
into large number of organic compounds. The process of converting 
CO and H2 mixture into liquid fuels or hydrocarbons over transition 
metal catalyst is known as Fisher-Tropsch oil (FT oil) or green motor 
fuel. The FT synthesis processes have flexibility in feedstocks (coal, 
biomass, natural gas) and the fuel produced by FTS process contains 
low sulphur. The major drawback of FTS process is the polymer- 
ization in the process which yields very high molecular mass 
waxes which need to be hydrocracked to produce green diesel. 
Some of the recent publication indicates that the use of FT pro- 
cess technology for biomass conversion to synthetic hydrocarbon 
may be promising and carbon neutral alternative to conventional 
fuels. 


5.2. Fischer-Tropsch diesel and naphtha 


FT diesel and naphtha may be transported with existing diesel 
and gasoline transportation infrastructure. Blends of zero-sulphur 
gas-to-liquids (GTL), Fischer-Tropsch naphtha into petroleum 
diesel fuel could markedly improve winter-time cold flow of diesel 
fuel, while still maintaining normal diesel fuel properties and 
avoiding profitable jet-fuel diversion. This discovery could open 
up previously unheard-of market opportunities for GTL liquids, 
as most refiners think of GTL diesel rather than GTL naphtha 
as a potential ultra-clean diesel fuel blendstock. Most petro- 
chemical makers think of GTL naphtha as a superior ethylene 
cracker feedstock. But new tests show GTL naphtha could enjoy a 
wider. 


5.3. Methanol 


MTSynfuels (methanol-to-synfuels). Like Fischer-Tropsch- 
processes (FT), the process is designed to produce liquid fuels 
from synthetic gases. Like the FT process, syngas is the starting 
material for the MtSynfuels® process, which can be produced from 
various fossil fuels and renewable raw materials. The syngas must 
meet the same purity requirements and have the same compo- 
sition (i.e. H7/CO=2) as is usual for FT synthesis. The subsequent 
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conversion of syngas to methanol is exothermic, as in the following 
reactions: 


CO + 2H) > CH30H 
CO2 + 3H2 > CH30H + H20 


CO + H20 > CO2 + H2 


The methanol synthesis variant developed by Lurgi works at 
pressures of 50-100 bar and at temperatures between 220°C and 
280°C with a Cu-Zn-Al20;3 catalyst. 


6. BTL diesel production costs 


In above discussion, the relation between the specific TCI of a 
BTL plant and the plant scale (i.e. production capacity) is deter- 
mined. In this section, the production costs of the BTL diesel fuel 
are calculated with a simple model. The aim is to determine the 
(economic) optimum scale for BTL fuel production. The fuel pro- 
duction costs are composed of the costs for the biomass feedstock 
material, transport, transshipment, storage, pre-treatment, and the 
conversion (gasification, cleaning, synthesis, and product upgrad- 
ing). To calculate the production costs of BTL Fischer-Tropsch fuel 
an approach was used based on a case of a simple logistics system 
based on local biomass (i.e. no overseas import). 


7. Comparison of BTL fuels with fossil fuels 


We investigate the transport service provided by passenger 
cars and compare this with the fossil reference. This includes the 
necessary infrastructure for roads and its maintenance and the 
production, maintenance and disposal of cars. Thus, this is the 
evaluation of the full life cycle of transport services, which is also 
commonly referred to as “cradle to grave”. Fig. 4 shows a com- 
parison of transports with passenger cars operated with BTL-fuel 
and fossil fuel. The comparison is presented for the use of non- 
renewable energy resources. The ranking of the different types of 
fuels is the same as already discussed on the basis of one MJ of 
fuel delivered to the tank [23] of interest is the difference between 
the transport with cars operated on BTL-fuel and the reference cars 
operated with petrol. The inventory of a EURO3 passenger car is 
taken as the baseline. The use of non-renewable energy resources 
can be reduced by 37-61% due to the use of the investigated BTL- 
fuels. 

Compares the emission of greenhouse gases in the life cycle 
of BTL-fuels and fossil fuels. The emission of greenhouse gases is 
reduced between 28% and 60% compared to the petrol car if BTL- 
fuels are used. Thus, most BTL-fuels investigated here would meet 
the present criteria of 40% GWP reduction as foreseen in Fig. 4.1 
shows the Eco-indicator 99 (H, A) scores of the different alternatives 
[24]. Most BTL-fuels have higher impacts than the fossil reference 
if the full method is used. The most important impact is the land 
use. For energy crops like short-rotation wood not only the land 
occupation has a negative effect. 

The transformation of set-aside land to highly intensive agri- 
cultural area makes an important contribution of about 20% to 
the total impacts. BTL-fuels based on straw show environmental 
impacts not much higher than the reference. In this case the land 
occupation is considerably lower because the major part is allo- 
cated to the produced wheat grains. If land use would be excluded 
from the assessment (as proposed in a sensitivity analysis by Zah 
et al.) most BTL fuels would achieve results comparable to the fos- 
sil reference. The BTL-fuel made in the most efficient process from 
forest wood has lower impacts than the fossil reference. This can be 
explained by the lower negative impacts of forests on biodiversity 


compared to agricultural land. This fuel would achieve the crite- 
rion for tax reduction, which is not to have higher environmental 
impacts than fossil petrol [24]. The use of forest residues, which is 
not investigated here, would be even more favourable. 

The impacts caused by for carcinogenic emissions are negative 
(see Fig. 4.2) for the BTL from short-rotation wood because the 
uptake of certain heavy metals from soil during biomass growing 
is assessed higher than the emissions in the life cycle shows the 
results with the method ecological scarcity 2006 [25]. Also here 
some heavy metals are removed from the agricultural soil during 
plant growing and thus results in the category emissions into top 
soil are negative. All BTL-fuels made from agricultural biomass have 
higher environmental impacts than the fossil reference. The emis- 
sions of nitrate are comparably higher for miscanthus. This is the 
reason for the relatively higher contribution from emissions into 
groundwater. For some fuels environmental impacts due to waste 
management are quite important. This is due to the disposal of 
ashes and slag from the conversion process. It might be possible 
to further improve the disposal or even to reuse the remaining as 
fertilizers in biomass production. So far such options have not been 
considered in the modeling of the conversion plants. 


8. Comparison with other biofuels 


A comparison with other biofuels is possible based on the data 
investigated by Jungbluth et al. [26,27] and evaluated by Zah et al. 
[28]. Fig. 4.3 shows a comparison with the fuels evaluated in 
those studies. All BTL-fuels from agricultural biomass have higher 
environmental impacts than the fossil reference. Some BTL-fuels 
from agricultural biomass have only slightly higher environmental 
impacts than the reference. BTL-fuel from forest wood is a good 
possibility concerning reduction of greenhouse gas emissions and 
protection of the environment. This shows that it is possible to 
produce BTL-fuels, which are competitive to fossil fuels from an 
environmental point of view. But, it also shows that the use of agri- 
cultural biomass needs further improvements in order to achieve 
this goal with BTL. In comparison to other already available bio- 
fuels like e.g. rape methyl ether the results are in the same order 
of magnitude. These results confirm the findings were reported in 
Zah et al. [28]. Many biofuels derived from agricultural biomass are 
not preferable from an environmental point of view if the full life 
cycle is taken into account. But, BTL-processes may also use wood 
from forestry or biomass residues. In comparison to short-rotation 
wood or other energy crops, this would substantially reduce the 
environmental impacts. 

It is not possible to draw general conclusions for the comparison 
of synthetic BTL-fuels with e.g. plant oils, ethanol or methyl ethers. 
For all types of renewable fuels the used biomass is an impor- 
tant factor for the environmental impacts. Thus, there are better 
and worse fuels in each category. A general advantage of BTL-fuels 
compared to other biofuels, as claimed in some literature, is not 
confirmed by our study. Fig. 4.4 compares the Eco-indicator 99 (H, 
A) results of a BTL-fuel made from wood with fossil diesel. One sees 
that results for most stages are the same for both fuels. Only fuel 
combustion and fuel production are different. Diesel causes higher 
impacts during combustion especially due to the COz-emissions 
and higher emissions of regulated pollutants, but distinctly lower 
impacts during fuel production [29]. 

BTL is CO; - neutral as its combustion only releases the CO2 con- 
tained in the biomass. Therefore, on a net basis it does not add to 
the level of greenhouse gases in the atmosphere. BTL fuel is also 
free of aromatic components which can be serious air or water pol- 
lutants [30]. BTL is basically free of sulphur. Sulphur in fuel, when 
it burns is converted to sulphur oxides which are pollutants, con- 
tributing to poor air quality and adding to the problem of acid rain. 
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Fig. 4. Non-renewable cumulative energy demand of the transport service (MJ-eq/pkm). (1) Global warming potential of transport services (kg CO2-eq/pkm) over a time 
horizon of 100 years. (2). Eco-indicator 99 (H, A) score of the transport service (points/pkm) [25]. (3) Relative comparison of passenger transports using different category 
indicators (basis pkm of transport). Reference for all fuels is the use of a EURO3 petrol car. Life cycle impact assessment with global warming potential, Eco-indicator 99 (H, 
A) and ecological scarcity 2006 (Pt-points) [26-28]. (4) Detailed comparison of Eco-indicator 99 (H, A) results of BTL from short-rotation wood and diesel in different stages 
of the life cycle. 
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However, sulphur has one good quality in fuel in that it provides 
lubricity, thus reducing wear on engine parts. Biodiesel is high in 
lubricity but low in sulphur. It therefore, can be used as an additive 
to synthetic fuel or reduced-sulphur petro-diesel to limit engine 
wear as sulphur emissions are reduced. Prospects are better for 
blends than for pure biofuels. When confronted with the idea that 
biomass to liquid technology might present a threat to biodiesel, 
representatives of the European biodiesel industry proposed that 
there was enough room in the market for both. In Germany, Volk- 
swagen and Daimler Chrysler started projects on BTL-technology. 
Volkswagen called their fuel “Sun Fuel” while Daimler Chrysler’s 
fuel was named “Biotrol” (biomass + petrol = biotrol). Now-a-days 
both companies work together with a company called Choren and 
call the fuel “sun diesel”. Choren is located in Freiberg (Saxony) and 
has developed the so-called and patented “Carbo-V®” gasification 
process [31-33]. 


9. Comparison with other studies 


The scope of this study was to answer the question: “what is the 
(economic) optimum scale for BTL fuel production”. Considering all 
aspects related to required production capacity, implementation 
aspects, biomass logistics, and fuel production economy, according 
to the authors “The optimum scale of a BTL plant lies in the range 
of 2,000 to 4,000 MWth (or 16,000 to 32,000 bbld)” [34-38]. 


9.1. BTL fuels 


Despite that the GTL technology has been known for decades, 
recently it started to be considered for large-scale manufacturing 
of fuels and chemicals (mainly from coal and natural gas) only. The 
application of syngas from biomass in GTL production [biomass-to- 
liquid (BTL)] is more recent [39-43]. The typical fuels, which can be 
obtained from GTL processing and which are suitable for use in road 
transport are given in Fig. 5 [44-48], while their main properties, 
together with the properties of their oil-derived analogues [49-64] 
and the results are presented in Table 1 [65-70]. 


9.2. Products from F-T synthesis 


As Fig. 6 indicates, GTL processing is similar to oil refining, 
since a number of products is obtained. Thus, GTL synthesis can 
be regarded as an alternative refinery run on feedstocks other than 
oil-natural gas, coal or biomass. The total energy efficiency of typ- 
ical breakdown of fractions in oil refining and in GTL processing is 
lower than that of oil refining (80% versus 85-90%), but the 20% GTL 
thermal losses can be partly recovered via heat integration in the 
process units [71,72]. 


Typical breakdown of fractions in oil refining and in GTL process- 
ing. GTL processing has an important technological difference with 
oil refining. The optimum oil refining output by fractions is spread 
amongst a number of products, is relatively constant and can vary 
within relatively narrow margins. Conversely, the optimum break- 
down of fractions in GTL synthesis is more flexible [73,74] and can 
be optimized to a larger extent versus certain products, most often 
versus middle distillates are given in Fig. 6. Another feature of GTL 
processing is that the heavier fractions consist of high quality lubri- 
cants and waxes (<C20), but not of heavy fuel oils like in oil refining. 
GTL lubricants and waxes can easily find a good market, including 
in the food industry, while the market for heavy fuel oils is gen- 
erally less profitable, along with the environmental burdens they 
cause [73,74]. 


Z > 


Fig. 5. Fuels obtained via GTL processing of syngas. 
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Fig. 6. Total energy efficiency of refinery barrel (vol%) and GTL-FT barrel (vol%) 
[71-78]. 
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Table 1 
Main properties of oil-derived and BTL fuels. 


Chemical formulae Energy content (MJ/L) 


Density (kg/L) 


Octane number Cetane number Chemical feedstock 


Oil petrol C4-C12 31.2-32.2 0.72-0.77 90-95 - No 
Oil diesel C15-C20 35.3-36.0 0.82-0.84 - 45-53 No 
Oil naphtha C5-C9 31.5 0.72 50 - Yes 
BTL naphtha C5-C9 31.5 0.72 40 - Yes 
BTL diesel C12-C20 33.1-34.3 0.77-0.78 - 70-80 No 
Methanol CH30H 15.4-15.6 0.79 110-112 5 Yes 
Di-methyl-ether CH30CH3 18.2-19.3 0.66-0.67 - 55-60 Yes 
Hydrogen H2 8.9 0.074 106 - Yes 


Source: Adapted from [49-70]. 


An additional and important environmental advantage of GTL 
products is that, unlike oil derivates, they are quickly biodegrad- 
able. The degradation rate of GTL diesel reaches 60% within only 28 
days in anaerobic conditions. GTL products consist almost entirely 
of linear paraffins (C,H2n+2), with less than 5% aromatics on mass 
basis, compared to 10-30% aromatics for oil derivates [75]. 

Since paraffins have higher hydrogen-to-carbon ratio than aro- 
matics, this implies lower density and higher (4-5%) energy content 
on a weight basis for GTL fuels compared to oil-based fuels. Due to 
the lower density, the volumetric energy content of GTL products is 
however lower than that of oil derivates. In addition, linear paraf- 
fins are more easily and efficiently transformed into other products 
than aromatics and branch paraffins [75]. Finally, all GTL products 
are virtually sulphur free (sulphur content below 1 ppm), since a 
large part of sulphur compounds is removed during the syngas 
production step. The remaining small traces of sulphur are further 
separated before the GTL synthesis, because the catalysts for GTL 
processing are extremely sensitive even to very low contamina- 
tions of sulphur [73,75]. 


9.3. BTL (GTL, F-T) naphtha 


Naphtha is a light fraction from oil refining and GTL processing 
(see Fig. 6) with similar to petrol properties. Nevertheless, naphtha 
is not appropriate for use in petrol engines (SI ICE) because of its 
low octane number. Due to the lack of any large direct application 
as a motor fuel, at present naphtha is used mainly as a feedstock 
for further conversion (at the expense of additional energy losses, 
emissions and costs) to petrol, ethylene, etc. 

In the future naphtha could also become an attractive energy 
option for FC [76]. When hydrocarbons are used as hydrogen car- 
riers for FC, their relative hydrogen content (hydrogen-to-carbon 
ratio) is the governing “fuel” parameter, while the octane num- 
ber and the energy content are not important. The higher the 
hydrogen-to-carbon ratio, the better the hydrogen carrier. The rela- 
tive hydrogen content of naphtha is higher than those of oil-derived 
naphtha (due to the larger content of linear paraffins) and petrol 
(due to the slightly shorter carbon chain) as shown in Fig. 6. The lack 
of sulphur in BTL naphtha is an important advantage over oil-based 
fuels for FC applications, since the proton exchange membrane 
(PEM) FC are very sensitive even to negligible sulphur contami- 
nations. Such direct market realization of BTL naphtha (without 
further processing to other products) would improve the efficiency 
of BTL processing in terms of energy use, emissions and costs [76]. 


9.4. BTL (GTL, F-T) diesel 


Historically, F-T diesel was the first motor fuel obtained via GTL 
technologies. The feasible upper limit of the “natural” F-T diesel 
fraction in GTL processing is 75%. A larger F-T diesel yield can be 
achieved via transforming other GTL products, but always at the 
expense of additional energy losses, emissions and costs. 


GTL diesel has similar to oil-derived diesel physical and chemi- 
cal properties. It is therefore fully compatible with current storage, 
handling and distribution infrastructure for oil-based diesel, thus 
its logistics would not involve additional capital costs [39]. For 
the same reasons the use of F-T diesel generally does not require 
modifications in diesel engines (CI ICE). F-T diesel has poorer 
lubricity compared to conventional oil-derived diesel. This is due 
to the lack of polar molecules (including hydrocarbon-based and 
sulphur-based compounds), which are removed during the hydro- 
processing step of GTL. Hence, if a CI ICE is run on pure BTL diesel, 
the addition of some lubricant components is necessary [40]. Alter- 
natively, if it is blended with conventional diesel up to 20-30%, no 
fuel additives or engine modifications are necessary. Because of the 
lower volumetric energy content on equal terms running a diesel 
engine on GTL diesel will result in a small fuel economy penalty 
of 3-8% [41]. This fuel economy penalty can be compensated to a 
certain extent by injection timing changes [42]. 

Nevertheless, GTL diesel demonstrates several clear perfor- 
mance advantages over conventional diesel. The cetane number 
is higher, because linear paraffins in the diesel boiling range have 
much higher cetane numbers than branch paraffins [35]. Besides 
the better engine performance (smoother operation, improved 
start-up, less noise), the higher cetane number of F-T diesel allows 
its blending with lower quality conventional diesel, which other- 
wise cannot be utilized as an automotive fuel [39,43,44]. In such 
a way secondary benefits are incurred at the refineries, since by 
such blending the extent of utilization of the diesel refining frac- 
tion is enhanced. On the other hand, linear paraffins, which prevail 
in GTL diesel, have poorer cold flow properties than branch paraf- 
fins, which are more widely presented in oil-based diesel [35]. 
The lack of sulphur in F-T diesel also cuts the SO emissions from 
combustion. Apart from the reduced sulphur content, the lower 
density of F-T diesel also implies lower particulate matters (PM) 
emissions. 


9.5. Biomethanol 


Methanol (CH30H) known also as “wood alcohol” is a commod- 
ity chemical, one of the top ten chemicals produced globally [45]. 
It is liquid at ambient conditions, which facilitates transportation 
and handling. The main application of methanol is as feedstock 
for producing formaldehyde (H2CO) - 65% of world methanol pro- 
duction whose demand is driven by the construction industry 
[45]. 

With regard to the automotive application, because of its high 
octane and low cetane number, methanol is better suited for SI 
ICE than for CI ICE. Besides the higher octane number, methanol 
has another advantage over petrol - the content of oxygen that 
improves combustion and thus, reduces local-polluting emissions. 
However, methanol contains only half of the energy of petrol, 
i.e. on equal terms a methanol tank would have to be twice as 
large as a petrol tank to give the same driving range. Owing to its 
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advantages, at the end of 1980s/beginning of 1990s methanol was 
widely used in the USA as an automotive fuel (mixed with petrol 
in low or high - up to 85%, concentrations) or converted into a 
petrol additive (methyl-tertiary-butyl-ether, MTBE). However, at 
present the automotive application of methanol inICE is completely 
abandoned. 

While the use of MTBE is negligible and continuously declin- 
ing. The reason is that methanol poses a number of serious health 
and safety concerns. The ingestion of only 25-100 ml methanol can 
cause blindness and even death. Methanol can be in-taken not only 
orally, but also via accidental spillage on the skin. The health haz- 
ard for unintended ingestion of methanol is further increased by 
its complete solubility in water. The risk for accidental spillage and 
contamination of ground water is strengthened by the powerful 
corrosiveness of methanol. For this reason the use of methanol 
requires application of only high-cost stainless steel storage com- 
ponents [46,47]. Methanol also burns with almost invisible flame, 
which makes difficult to detect fires in their initial stages [48]. As a 
consequence, methanol has shown 25 times higher fatalities than 
petrol. 

Low blends (up to 5%) of methanol with petrol would reduce to 
a large extent (but not avoid completely!) these safety and health 
concerns. Nonetheless, low methanol blends appear to be difficult 
and costly for market implementation due to the need to over- 
come consumers’ resistance and the bad experience from the past. 
Although methanol is not regarded as a feasible automotive fuel 
for ICE anymore, it is presently employed as ingredient in the pro- 
duction of biodiesel from oilseeds. On average, 1.1 weight units 
of methanol are mixed with 10 weight units of vegetable oil to 
obtain 10 units of biodiesel. It is considered (especially in Europe) 
that methanol could be a suitable hydrogen carrier for on-board 
reforming for FC in the future. Since FC vehicles are supposed to 
require a higher quality of servicing than the vehicles equipped 
with ICE, the FC application of methanol could reduce the health 
and safety risks. Conversely, methanol demonstrates some impor- 
tant advantages over other hydrocarbons - potential hydrogen 
carriers. It has one of the highest hydrogen-to-carbon ratios (4:1) 
amongst all hydrocarbons. Another key advantage of methanol is 
its low reforming temperature. Obtaining hydrogen from methanol 
requires 200-300°C, compared to 500°C for ethanol, 850°C for 
natural gas and 850-1000 °C for petrol. 

The low processing temperature simplifies the layout of the 
reformer and reduces its cost. The infrastructure for conventional 
automotive fuels can be also relatively easily retrofitted (at a rea- 
sonable cost) to handle methanol. In addition, the application of 
methanol as a hydrogen carrier for FC could be facilitated by 
the mature status of methanol production from fossil feedstock. 
Methanol manufacturing from synthesis gas is a well-established 
technology that already earned large economies of scale. In 2002 
there were about 38 milliontons of methanol production capac- 
ities worldwide, operated at 80% utilization rate. The near-term 
expansion of methanol capacities is projected to bring the world 
production potential up to 39-41 million tons per year [52,53]. This 
large-scale production is a key factor for methanol to be one of 
the few alternative fuels, which are cost competitive to conven- 
tional fuels. Despite that currently biomass is not used in industrial 
methanol manufacturing, the availability of such refined produc- 
tion technologies and distribution infrastructure, along with the 
growing security of energy supply concerns, could facilitate the 
penetration of biomass as a feedstock for methanol synthesis. 
Besides the on-board reforming to hydrogen, methanol could also 
be employed directly in FC, in the so-called direct methanol fuel 
cells (DMFC). In DMFC, methanol is injected straight to the cell’s 
anode and reacts to form electricity and CO . Nevertheless, the 
direct application of methanol in FC is regarded mainly as a long- 
term option. DMFC are at a very early stage of development and 


have a much lower efficiency than PEM FC that use hydrogen - 15% 
versus 40% respectively [54-59]. 


9.6. Bio-di-methyl-ether (BIO-DME) 


DME (CH30CH3) is a synthetic fuel, which does not occur nat- 
urally in petroleum. It represents a novel fuel (first tests started in 
the middle of the 1990s) that is still at an experimental stage [60]. 
Originally DME has been manufactured via methanol de-hydration, 
but more recently the direct DME production from syngas has been 
examined. 

The direct production route appears to be more energy and cost 
efficient, since it involves one process instead of two processes - 
methanol synthesis and methanol de-hydration. At present, the 
annual world output of DME is only 100,000-150,000 tons [61-63]. 
Currently the largest application of DME is in aerosol spray cans, but 
not as a fuel [64], therefore the availability of data about fuel DME 
is scarce. Similar to LPG, DME is gaseous at ambient conditions, but 
liquefies at moderate pressure (5-8 bar) [64,65], hence DME could 
be mixed with LPG. It is suggested that low-concentration DME 
blends with LPG (up to 10-20%) require none or only minor system 
modifications. 

DME can also exploit the already existing LPG infrastructure 
(where available), which could become a prime factor for its market 
penetration. By analogy with LPG, DME might potentially be used 
for non-transport purposes as well e.g. as a household fuel, more- 
over that DME handling is somewhat safer than that of LPG [64]. 
For safety reasons, the addition of an odour component to DME is 
however necessary, since naturally DME is odourless like LPG [65]. 

DME has a higher cetane number than oil-based diesel, which 
makes it more suitable for application in CI ICE rather than in SI 
ICE. Owing to its oxygen content that improves combustion and to 
the lack of carbon-to-carbon bonds, DME burns cleaner and quieter 
in CI ICE than oil-derived diesel [64,65]. Conversely, DME contains 
only about half of the energy of oil-based diesel, which increases 
fuel consumption and requires more than a twice larger fuel stor- 
age tank aboard the vehicle. The additional storage volume is due 
to the mandatory 80-85% filling rate, as a safety margin in case of 
high ambient temperatures, similar to LPG. The use of DME in CI 
ICE also requires some engine modifications - replacement of all 
plastics and rubbers with metal-to-metal seals from nonsparking 
metals more sophisticated injection system, etc. In particular, the 
dedicated injection system appears to be a key technical challenge 
for the automotive use of DME [64,66]. Since the DME injection sys- 
tem completely differs from that for diesel, simultaneously running 
a CI ICE on DME and diesel (dual-fuel performance) is not possible 
[67]. DME has also poor lubricity and viscosity, hence lubricating 
additives is needed at 500-2000 ppm level. 

All these technical and technological drawbacks, combined with 
the prevailing high production cost, make DME more a medium 
to long-term alternative, rather than a fuel of tomorrow [66-68]. 
Owing to its high hydrogen-to-carbon ratio (3:1), DME could be in 
theory considered also as a hydrogen carrier for on-board reform- 
ing for FC. Nevertheless, due to the complications with the on-board 
storage of gaseous fuels and considering the availability of other, 
more suitable liquid hydrogen carriers (e.g. methanol and GTL 
naphtha), the option of using DME as a hydrogen carrier for FC does 
not appear promising. 


9.7. Biohydrogen 


Hydrogen (H2) is not available independently in the atmo- 
sphere, but is always combined with other elements. Hence, before 
being used it has to be extracted from various compounds e.g. via 
the syngas route. Currently, hydrogen is produced mainly from nat- 
ural gas and to a lesser extent from oil derivates (totally 77% of all 
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hydrogen production), while its production from biomass is at an 
experimental stage [69]. This is due partly to the more sophisticated 
manufacturing of syngas from biomass compared to natural gas, but 
also to the much lower relative hydrogen content of biomass vice 
versa natural gas [70]. 

There are two ways of employing two different fuels in the same 
engine - bio-fuel, when the engine runs on either fuel or dual-fuel, 
when the engine runs simultaneously on both fuels (fuel mix- 
ture). About 60% of world hydrogen production is used in ammonia 
production, followed by 23% in oil refining and 9% in methanol syn- 
thesis. In such a way, only 8% of global hydrogen production is left as 
merchant hydrogen that potentially can be used as an automotive 
fuel [77]. 

In principle, it is more correct to consider hydrogen as an energy 
carrier but not as a fuel. Unlike all other automotive fuels, hydrogen 
is carbon-free that makes it the fuel with the cleanest combustion 
in ICE as well as the most appropriate fuel option for FC. Another 
advantage of hydrogen is the higher octane number compared to 
petrol, which favours its use in SI ICE. Nevertheless, hydrogen is 
regarded as a more viable energy option for FC, due to the much 
higher efficiency of FC compared to ICE. Despite these advantages, 
at present the application of hydrogen as an automotive fuel faces 
some techno-economic constraints - low volumetric energy den- 
sity, complicated storage and handling, higher cost per kW of FC 
compared to ICE, etc. Due to these constraints, the application of 
hydrogen in SI ICE (either pure or blended with petrol) and/or in 
FC is currently at an experimental stage [51,52,71]. However, a 
significant amount of work to improve the performance of hydro- 
gen technologies is undergoing. The issues with hydrogen and FC 
are examined thoroughly in a number of other studies of the JRC 
Institute of Energy and in particular within the operation of the 
European Hydrogen and Fuel Cells Technology Platform [78]. 


10. Use of BTL-fuels in passenger cars 


A basic inventory of passenger cars with EURO3, 4 and 5 stan- 
dard using diesel or petrol has been elaborated. The inventory of 
the most important air emissions during the combustion of BTL- 
fuels is based on available information from measurements made 
within the RENEW project by Daimler Chrysler, Renault and VW 
({[79-81], see Table 2). The following air emissions also regulated 
by the EURO standards have been reported: NOx, CO, hydrocar- 
bons, particulate matter and CO2. Only some direct comparisons 
between using diesel and BTL in the same power train and under 
the same conditions are published. Most information on emissions 
with BTL-fuels is only published on a relative scale compared to 
EURO4 standards. These figures cannot be directly interpreted as 
an emission reduction compared to the use of diesel because also 
power trains using diesel will have emissions lower than the max- 
imum limit. In general the figures show a high variation depending 
on the power train and the test conditions. So far no information 
investigated independently from possible fuel producers and car 
manufacturers is available. Real emissions of driving cars are not 
necessarily equal to the emissions measured under standardized 
conditions. Due to this reason, average emission figures used by 
are partly higher than the EURO limits. 

In order to achieve comparable results to the previous study, it 
is necessary to determine the emissions of an average EURO3 car 
using BTL. In a first step reduction factors are estimated based on 
the available information. These factors shown in the last row (see 
Table 2) are used to calculate the emission with the data available 
for EURO3 diesel cars [79-81]. The rough estimation is mainly based 
on the information available for the reduction factors between 
diesel and BTL use. The large variation and the relative scale in the 
publications make it difficult to estimate these emissions. But, the 


Fig. 7. Comparison of exhaust emission levels of refinery diesel and BTL fuel (Golf 
TDI 103 kW, New European Driving Cycle (NEDC)); engine control unit tuned for 
maximum reduction of NO,. 


Source: Volkswagen AG. 


later evaluation shows that the direct emissions are only of minor 
importance for the evaluation of the total environmental impacts. 

The measurements on BTL-fuel have been made with the type of 
fuel produced by the centralized entrained flow gasification (part- 
ner UET in the RENEW project) [74]. No differences are accounted 
for the other types of BTL-fuels investigated in this project, because 
Measurements were not available. 

According to [75] the energetic fuel consumption can be 
assumed to be equal for BTL and diesel, but differences in lower 
heating value per kilogram have to be considered. Other parts of 
the life cycle inventory as e.g. other air emissions and the used 
infrastructure for roads are considered the same as investigated 
for EURO3 cars. Data of the operation of passenger cars is shown 
in Table 2. The inventory describes the fuel use and emissions due 
to the operation of the car over one kilometre. On the right side of 
the table, the basic data can be found. The last column shows the 
literature data used for the estimation of standard diesel emission 
factors [72]. 

The sulphur content of BTL-fuel is estimated roughly with 1 ppm 
[73] and the one of diesel with 50 ppm [75]. Sulphur dioxide emis- 
sions are calculated from these contents. The life cycle inventory 
of the transport service includes the fuel consumption and com- 
bustion, operation of the car, the production of roads and cars and 
their disposal. In addition, the maintenance of all necessary items 
is included. The inventory is calculated with an average occupation 
of 1.59 persons per car [76,77]. 

A recent German study investigated some of the BTL-pathways 
also investigated here [78]. The approach used in that LCA is quite 
different from the modeling taken here because allocation prob- 
lems are tackled with the approach of system expansion. This 
means a credit with an alternative product is given for those by- 
products not used in the system [78]. Also the basic concepts used 
for the modeling such as background data or impact assessment are 
not necessarily the same. The study concludes that BTL-fuels from 
short-rotation wood are an environmental benefit with regard to 
the category indicators climate change and use of abiotic resources, 
but that there are disadvantages with regard to several other cate- 
gory indicators. For the comparison of different types of conversion 
concepts, it also concludes that the conversion efficiency is quite 
important. The authors do not see any clear preference for one 
of the conversion concepts, as there are still different lines of 
development within the conversion concepts. The approach how 
by-products, mainly electricity and heat are tackled also quite 
important for the conclusions from this study [78]. The results of 
the study for the BTL-fuel production concerning the emissions of 
greenhouse gases are quite different compared to a recent study 
published by EUCAR, CONCAWE and JRC [79]. We compare here 
the WTT emissions calculated by [80] with the figures calculated in 
the RENEW LCA and they are considerable lower. The RENEW LCI 
study, which forms the basis for the evaluation give CO2-eq emis- 
sions between 20 and 60 g/MJ of fuel delivered to the tank while 
the WIW-study calculated about 5 g CO2-eq/MJ. Below one sees the 
results of comparable synthetic fuels made from wood. The results 
are shown in Fig. 7. 
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Air emission reductions of different passenger cars using BTL-fuel and low-sulphur diesel and estimation of reduction factors compared to EURO3 diesel cars for this study. 


Negative figures stand for higher emissions than the Refs. [79-81]. 


NO, PM co HC HC+ NO, Source Manufacturer Test specification 
EURO4 (g/km) 0.25 0.025 0.5 0.05 0.3 
EURO4 to BTL 0% 22% 75% 80% Degen [80] Daimler Chrysler No adaption 
EURO4 to BTL 30% —20% 50% 80% Degen [80] Daimler Chrysler NO, optimization + particle filter 
EURO4 to BTL 30% —30% 90% 85% Degen [80] Daimler Chrysler NO, optimization 
EURO4 to BTL 20% 30% Heinl [81] VW Adjusted injection rate 
EURO4 to BTL 90% 80% Heinl [81] VW Independent of data set 
EURO3 to BTL 2% 28% 59% 55% Degen [80] Daimler Chrysler No adaption 
CEC Diesel to BTL 0% 45% 70% 60% Heinl [81] VW To CEC diesel fuel 
Diesel to BTL 0% 26% 50% 75% Rouveirolles [79] Renault GTL with conv. diesel, EURO 4 
Diesel to BTL 15% —20% 20% 10% 15% Degen [80] Daimler Chrysler NO, optimization + particle filter 
Diesel to BTL 18% 25% 40% 18% 18% Degen [80] Daimler Chrysler NO, optimization 
Mean EURO to BTL 16% 6% 73% 76% 
Mean diesel to BTL 8% 19% 45% 41% 
Mean all to BTL 13% 12% 60% 60% 
Estimation diesel to BTL 10% 10% 45% 40% This study 


The differences were discussed with the responsible authors. 
The following main differences were identified: 


e Higher nitrogen input in for the short-rotation wood production 
(2.5 g vs. 5-6 g/kg DS). This result in about 50% higher N20 emis- 
sions during biomass growing of the data used here compared to 
only low direct emissions of CH, and N2O are assumed for con- 
version plant in the Concawe study, because of data gaps. This 
reduces the greenhouse gas emissions by about 10-20%. 

e Infrastructure was not considered in the Concawe study. Infras- 
tructure in agriculture and fuel conversion contributes about 
10-20% to the total greenhouse gas emissions in our study. 

e Credits for electricity production with biomass power plant are 
granted in the Concawe study while our study makes an alloca- 
tion. This is mainly relevant for the ICFB-D and thus for the highest 
cumulative greenhouse gas emissions. 


11. Comparative study of greenhouse gas emissions (GHG) 
and emissions from GTL, BTL and CTL 


The environmental attributes of the conventional and synthetic 
fuel technologies are assessed by measuring the impact caused 
through production, transportation and fuel usage, the so-called 
well to wheel basis or life cycle assessment. Industry studies show 
that greenhouse gas emissions (GHG) of the “GTL system” are com- 
parable to a refinery system (+5%). The well to tank CO2 emissions 
from a GTL production plant are slightly higher than those from 
a conventional refinery, but are offset by the tank to wheels CO2 
emissions which are up to 4-5% lower. As diesel engines are some 
20-30% more efficient, their CO, emissions are significantly lower 
(some 20%) than their equivalent petrol counterparts. Relative to a 
refinery system, BTL offers clear life-cycle greenhouse gas benefits 
in the range of 60-90% improvement. The BTL process is able to use 
waste biomass such as woodchips, which has already taken up CO2 
from the atmosphere during its growth. Burning the BTL fuel in an 
engine, simply returns the captured CO3 to the atmosphere. 

CTL process has a carbon penalty compared to refinery system 
due to the high carbon-to-hydrogen (C:H) ratio of coal, the starting 
feedstock. However, this could be reduced through CO2 seques- 
tration and other means. The results are shown in Fig. 8. Further 
improvements in synthetic fuels GHG emissions can be expected 
from optimized engines (5-10%) and process improvements from 
focused R&D. Hence GTL could reach a 5-10% GHG emission bene- 
fit if compared to refinery diesel and CTL plus sequestration could 
reach a neutral COz balance in comparison to today’s petroleum 
based fuels [81,82]. 


12. Prospects 


According to Choren, it takes 5 tons of biomass to produce 1 ton 
of sun diesel and 1 ha generates 4 tons of sun diesel. A plant pro- 
ducing 13,000 tons per year would need the biomass of 50,000 ha. 
In recent years the German set-aside area amounted to roughly 
1 million ha. This could generate 4 million tons of sun diesels, which 
is about 13% of current diesel use in Germany [83,84]. Daimler 
Crysler expects that BTL fuels could achieve a market share of 10% 
in Europe by 2015. Volkswagen cites a study that sees the produc- 
tion potential for BTL at 70 million MT of fuel in the EU-15, which 
would amount to one third of the fuel currently used by all vehicles 
(cars and trucks) in the EU-15. The use of carbon dioxide neutral and 
renewable biomass for the production of fuels is a vital alternative 
to fossil-based energy resources. However, there are a number of 
major obstacles to an economically feasible production of biofuels 
by the BTL process. These are: 


e High investment costs. 

e Low volumetric energy density of biomass. 

e Lack of infrastructure. 

e Limitations to the productivity of photosynthesis. 

e Availability of cultivable land areas for the production of bioen- 
ergy plants, which are in competition with food production. 


The low energy density of wood-based biomass in particular, 
which is the cheapest and most abundant biomass, makes it difficult 
to convert this source into biofuels. The pyrolysis of lignocellu- 
losic biomass into high-quality bio-oil by using suited catalysts is 
still the main challenge to the concept of a modern lignocellulosic 
biorefinery. Once high quality bio-oil is achieved, the subsequent 
use as direct feedstock or as co-feedstock in conventional refinery 


Comparison of GTL, BTL and CTL processes with refinery systems [on a well-to-wheel basis) 
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Fig. 8. GHG emissions from GTL, BTL and CTL on a life cycle basis. 
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processes such as FCC or HT can be envisaged to produce diesel 
and/or gasoline. Hydro-treating requires high-pressure hydrogen; 
however, it might be feasible that this hydrogen demand can be sat- 
isfied from biomass conversion as well (catalytic steam reforming 
of the carbohydrate fraction). There are a number of alterna- 
tives available for the utilization of biomass-derived feedstocks 
in a crude-oil refinery, and the development of technology for 
the production of biofuels will allow a move towards a sustain- 
able economy [85-89]. In a time, in which the focus is on global 
warming, carbon dioxide emission, a secure energy supply and 
lower consumption of fossil-based fuels, the use of renewable 
energy resources is essential [90]. Biomass is one of these renew- 
able resources! Challenges related to the catalytic conversion of 
wood based biomass remain and have to be addressed in the future 
research: 


1. Understanding the mechanism of the catalytic conversion of lig- 
nocellulosic biomass into bio-oil, including structure-property 
relationships and product distribution. 

2. Catalyst development, regarding porosity, acidity, basicity, 
metal-support interactions, controlled formation of appropriate 
catalyst particles, improved hydrothermal stability, and resis- 
tance to catalyst deactivation [91]. 

3. Process conditions and large-scale production. The biorefinery 
approach using wood-based biomass does not compete with 
traditional crude-oil refining, rather it is complementary to 
petroleum refining [92]. 


Alternative fuels: less fuel consumption and emissions, the 
development of fuels is inseparable from the development of drive 
systems. With new sources of energy, we utilize additional poten- 
tial for reducing fuel consumption and emissions. Regenerative 
hydrogen is the fuel of the future. Used in fuel cell vehicles, it 
guarantees mobility free of pollutants and CO2. CNG (compressed 
natural gas) is a promising option because it contains less carbon 
than gasoline or diesel [93]. 

BTL fuels (biomass-to-liquid) of the second generation are 
largely COz neutral, but are not in competition with the produc- 
tion of food or fodder and can be well adapted to the requirements 
of internal combustion engines. GTL fuels (gas-to-liquid) are the 
cleanest and highest-quality sources of energy for diesel engines 
along with BTL fuels [93]. 


13. Conclusions 


The European Union has adopted a strategy to increase the 
use of renewable energy resources considerably. The discussion 
in this paper has shown that amongst the alternative proposals 
to increase the use of energy from renewable resources for traf- 
fic purpose, the biomass-to-liquid technology is most promising. 
But BTL-production is embedded into a complex dynamic system 
with several feedback. This complexity makes it hard to evaluate 
the role of BTL-fuel can play in a strategy of ecological, economical 
and social sustainability. The use of biofuels is mainly promoted 
for the reason of reducing greenhouse gas emissions and the use 
of scarce non-renewable resources e.g. crude oil. The emissions 
of greenhouse gases due to transport services can be reduced by 
about 60% with the best BTL-processes using short-rotation wood 
or straw as a biomass input. This is comparable to other types of 
biofuels made from agricultural biomass resources and with forest 
wood, reductions up to 69% are possible. On the other side, there 
are severe disadvantages from an environmental point of view if 
fuels are produced from agricultural biomass. The introduction of 
BTL-fuels made from energy crops would further increase environ- 
mental problems mainly caused due to today’s agricultural practice. 


Emissions of substances contributing to eutrophication and acid- 
ification are much higher than these of transport services based 
on fossil fuels. Only one BTL-fuel shows about the same acidifica- 
tion potentials as the fossil fuel car, while all others have higher 
emissions. Further process improvements are necessary in order to 
overcome the disadvantage at least regarding acidification. But, the 
pressure on land and water resource is increased considerable due 
to the increased production of all BTL-fuels. This would be espe- 
cially relevant if set-aside land is transformed to intensively use 
agricultural area. Until now many BTL-fuels produced from energy 
crops would have higher overall environmental impacts than fossil 
fuels. 

The use of BTL-fuels is more preferable from an environmen- 
tal point if wood residues can be used or if wood stems from 
forestry instead of short-rotation plantations. These findings are 
in line with several former life cycle assessment studies on bio- 
fuels. The BTL concepts investigated in this study are modeled for 
self-sufficient energy supply of the conversion plant and the aim to 
achieve high fuel yields per hectare. There might be several other 
ways of development, which are not considered in detail. One pos- 
sible line of development is the co-production of BTL-fuels together 
with electricity, heat and feedstock for the petrochemical industry. 
With such a concept the achievable fuel yields would be lower, 
but the overall energetic efficiency could be higher. It would also 
be possible to use other energy carriers than biomass in the con- 
version plant. One such concept is the use of hydrogen produced 
e.g. from renewable electricity. This would allow higher fuel yields 
but therefore considerable supplies of clean electricity would be 
necessary. 

The environmental impacts of BTL-fuels must be re-evaluated if 
BTL-fuels are introduced to the market. To quantify the real envi- 
ronmental impacts it is necessary to know the type of biomass 
used and key figures of the conversion plant, in particular the con- 
version efficiency, amount and revenues of by-products, emissions 
and wastes. Due to the variety of conversion concepts and possible 
biomass resources it is not possible to make generally valid state- 
ments concerning the overall environmental impacts of BTL-fuels 
compared to other types of renewable or fossil fuels. Some aspects 
are not covered in the modeling of this LCA. An important aspect is 
the impact of land transformation on the carbon stock in soils. The 
authors are claiming that such land use changes might be well rele- 
vant in the assessment of greenhouse gas emissions. Another aspect 
is the release of N20 emissions due to the use of fertilizers in agri- 
culture. New research work claims that these emissions might be 
higher than modeled until today. Synthetic fuel made from biomass 
(BTL) offers a 90% improvement in CO emissions compared to a 
refinery and enables the possibility of renewable fuel for transport. 

The main statements and findings of this study can be summa- 
rized as follows: 


e To meet the ambitious biofuel targets of the European Commis- 
sion a total installed BTL production capacity of 785 PJ is required 
by 2020. 

e TCI costs of BTL plants are typically 60% higher than for corre- 
sponding GTL plants. 

e Torrefaction is the optimum biomass pre-treatment technology 
for entrained flow gasification. 

e Commercial available technologies can be applied for biosyngas 
cleaning and conditioning as well as for Fischer-Tropsch synthe- 
sis. 

e The economy of BTL fuel production is very dependent on the 
production scale and large-scale facilities are required to benefit 
from the economy of scale. 

e Large-scale plants in the gigawatt range yield the lowest fuel 
production costs i.e. approximately 15 €/GJ or 55 €ct/L. 
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14. Glossary 


Second generation Synthetic biofuels are sometimes termed as “second 
fuels generation” or “advanced” fuels (in contrast to the above 
mentioned “first generation”). This term is also used for 
fuels made from biomass resources, which are not edible 
and are thus not competitive to food production. A third 
definition of “second generation” fuels refers to the use of 
lignin, cellulose or hemi-cellulose parts of the plants as a 
raw material. 
For the production of synthetic fuels first a synthesis gas 
are produced from biomass or another resource by 
means of gasification. In a second stage a synthetic fuel is 
produced out of this gas. A typical process therefore is 
the Fischer-Tropsch synthesis. In principle several types 
of biomass including wood and cellulose or lignin 
containing plants can be used as a raw material. Also the 
use of many non-edible plants would be possible. The 
same type of process can also be used with fossil 
resources e.g. for the production of GTL (gas-to-liquid) 
using natural gas or coal-to-liquid (CTL). 
Different types of synthetic fuels can be produced in this 
type of processes. The most common ones made from 
biomass are: 
e BTL: biomass-to-liquid. A synthetic fuel with similar 
fuel properties as conventional diesel. 
e SNG: synthetic natural gas. A possible replacement of 
natural gas. 
e DME: dimethylether. A fuel with similar properties as 
LPG (liquid petroleum gas). 
e Ethanol. 
e Methanol. 
SunFuel, SunDiesel Brand names for BTL-fuels produced by the company 
Choren and supported by Volkswagen and 
DaimlerChrysler. 


Synthetic fuels 


Acknowledgements 


The authors thank the support of OPTFUEL, European Union for 
their financial support for this project is gratefully acknowledged. 
The authors also thank the Director, IIT Delhi for constant encour- 
agement and the IIT Delhi for providing necessary facilities. 


References 


[1] Ledford H. Liquid fuel synthesis: making it up as you go along. Nature 
2006;444:677-8. 

[2] Ragauskas AJ, Williams BH, Davison G, Britovsek J, Cainey CA, Eckert WJ, 
Frederick Jr, Hallett JP, Leak DJ, Liotta CL, Mielenz JR, Murphy R, Templer 
R, Tschaplinski T. The forward path for biofuels and biomaterials. Science 
2006;311:484-9. 

[3] (a) Huber GW, Corma A. Synergies between bio and oil refineries for the pro- 

duction of fuels for biomass. Angew Chem 2007;119:7320-38; 

b) Huber GW, Corma A. Synergies between bio and oil refineries for the pro- 

duction of fuels for biomass. Angew Chem Int Ed 2007;46:7184-201. 

[4] (a) Chheda JN, Huber GW, Dumesic JA. Liquid-phase catalytic processing of 

biomass-derived oxygenated hydrocarbons of fuels and chemicals. Angew 

Chem Int Ed 2007;119:7298-318; 

Chheda JN, Huber GW, Dumesic JA. Liquid-phase catalytic processing of 

biomass-derived oxygenated hydrocarbons of fuels and chemicals. Angew 

Chem Int Ed 2007;46:7164-83. 

[5] (a) Metzger JO. Production of liquid hydrocarbons from biomass. Angew Chem 

2006;118:710-3; 

Metzger JO. Production of liquid hydrocarbons from biomass. Angew Chem 
Int Ed 2006;45:696-8. 

[6] Demirbas A. Current technologies for the thermo conversion of biomass into 
fuels and chemicals. Energy Sources 2004;26(8):715-30. 

[7] Lee S, Speight JG, Loyalka SK. Hand book of alternative fuel technologies. USA: 
CRC Taylor and Francis Group; 2007. 

[8] Jungbluth N, Frischknecht R, Faist Emmenegger M, Steiner R. Life cycle assess- 

ment of BTL-fuel production: inventory analysis. RENEW - renewable fuels 

for advanced powertrains, Sixth framework programme: sustainable energy 

systems, deliverable: D 5.2.7. ESU-services: Uster. Retrieved from www.esu- 

services.ch; 2007. 

Scharlemann JPW, Laurance WF. How green are biofuels? Science 

2008;319:43-4, http://www.sciencemag.org/cgi/content/summary/319/5859/ 

43. 

[10] United Nations. Sustainable bioenergy: a framework for decision makers; 

2007. Retrieved from http://www.fao.org/newsroom/en/news/2007/1000553/ 
index.html. 


iz 


o 


[9 


[11] Schaller P. Rasche Entwicklung der Ökobilanz von Biotreibstoffen. Bern: 
etha+ und alcosuisse; 2007. Retrieved from http://etha-plus.ch/fileadmin/ 
templates/main/pdf/PP_rapport-empa-D.pdf. 

[12] Jungbluth N, Frischknecht R, Faist Emmenegger M, Steiner R. Life cycle assess- 
ment of BTL-fuel production: life cycle impact assessment and interpretation. 
RENEW - renewable fuels for advanced powertrains, Sixth framework pro- 
gramme: sustainable energy systems, Deliverable: D 5.2.10. ESU-services: 
Uster. Retrieved from www.esu-services.ch; 2007. 

[13] Doornbosch R, Steenblik R. Biofuels: is the cure worse than the disease? 
SG/SD/RT(2007)3, OECD. Retrieved from www.oecd.org; 2007. 

[14] Boerrigter H, Calis HP, Slort DJ, Bodenstaff H, Kaandorp AJ, Uil H den, et al. 
Gas cleaning for integrated biomass gasification (BG) and Fischer-Tropsch (FT) 
systems, report C-04-056. Energy research Centre of the Netherlands (ECN), 
Petten, The Netherlands, November 2004; p. 59. 

[15] Law on the introduction ofa minimum share in the market for biofuels resulting 
from an amendment to the Federal Immission Control Act (BImSchG) on the 
alteration of energy and electricity regulations (Biokraftstoff quotengesetz - 
BioKraftQuG); 26 October 2006. 

[16] CONCAWE/EUCAR/JRC: Well-to-wheels analysis of future automotive fuels and 
powertrains in the European context; 2005. 

[17] Drift A van der, Boerrigter H, Coda B, Cieplik M K, Hemmes K. Entrained 
flow gasification of biomass; Ash behaviour, feeding issues, system analyses, 
report C-04-039. Energy research Centre of the Netherlands (ECN), Petten, The 
Netherlands, April 2004; p. 58. 

[18] Bergman PCA, Boersma AR, Kiel JHA. Torrefaction for entrained flow gasifica- 
tion of biomass, Energy research Centre of the Netherlands (ECN), Petten, The 
Netherlands, report C-05-067, July 2005;51. 

[19] Jungbluth N, Schmutz S. Inventory dataset: EcoSpold/Gabi/Excel. RENEW - 
renewable fuels for advanced powertrains, Sixth framework programme: sus- 
tainable energy systems, Deliverable: D 5.2.9, ESU-services Ltd.: Uster. Uster. 
Retrieved from www.esu-services.ch; 2007. 

[20] Boerrigter H, Drift A van der. Biosyngas: description of R&D trajectory neces- 
sary to reach large-scale implementation of renewable syngas from biomass, 
report C-04-112. Energy research Centre of the Netherlands (ECN), Petten, The 
Netherlands, December 2004; p. 29. 

[21] Zwart RWR, Boerrigter H, Drift A van der. The impact of biomass pre-treatment 
on the feasibility of overseas biomass conversion of to FT products. Energy Fuels 
2006;20(5):2192-7. 

[22] Frischknecht R, Steiner R, Jungbluth N. Methode der ökologischen Knappheit 
- Ökofaktoren 2006. In: Öbu SR, 28/2008. Zürich und Bern: Bundesamt für 
Umwelt (BAFU), ÖBU Schweizerische Vereinigung für ökolo-gisch bewusste 
Unternehmungsführung; 2008. 

[23] Frischknecht R, Steiner R, Braunschweig A, Egli N. Swiss ecological scarcity 
method: the new version 2006. In: The seventh international conference on 
eco balance. 2006. 

[24] Jungbluth N, Chudacoff M, Dauriat A, Dinkel F. Life cycle inventories of bioen- 
ergy, ecoinvent report No. 17, v2.0, ESU-services: Uster, CH; 2007. 

[25] MinöstV, Mineralölsteuerverordnung Änderung vom 30. Januar 2008, (Vorab- 
druck), in SchweizerBundesrat. Switzerland; 2008. 

[26] Jungbluth N, Büsser S, Frischknecht R, Tuchschmid M. (ESU-services GmbH, 
Uster): life cycle assessment of biomass-to-liquid fuels; 2008. 

[27] Jungbluth N, Chudacoff M, Dauriat A, Dinkel F. Life Cycle Inventories of Bioen- 
ergy. 2007, ecoin-vent report No. 17, v2.0, ESU-services: Uster, CH. Retrieved 
from www.ecoinvent.org. 

[28] Zah R, Böni H, Gauch M, Hischier R. Ökobilanzierung von Energieprodukten: 
Ökologische Bewer-tung von Biotreibstoffen. 2007; Schlussbericht, Abteilung 
Technologie und Gesellschaft, Empa im Auf-trag des Bundesamtes für Energie, 
des Bundesamtes für Umwelt und des Bundesamtes für Land-wirtschaft: Bern. 

[29] Lenz H P, Cozzarini C. Emissions and Air Quality. Society of Automotive Engi- 
neers Inc., 1999. 

[30] International Energy Agency. Saving oil and reducing CO2 emissions in 
transport-options & strategies. Organisation for Economic Development and 
Co-operation, 2001; Methanol also burns with almost invisible flame, which 
makes difficult to detect fires in their initial stages. As a consequence, methanol 
has shown 25 times higher fatalities than petrol. 

[31] U.S. Department of Energy. Energy Efficiency and Renewable Energy (EERE) - 
Transportation, www.eere.energy.govEE/transportation.html. 

[32] Society of Automotive Engineers (SAE). Emissions from Trucks using 
Fischer-Tropsch Diesel Fuel-Technical Paper Series, 1998. 

[33] U.S. Department of Energy. Office of Energy efficiency and renewable energy. 
Discussion of issues pertinent to rulemaking to designate Fischer-Tropsch 
Diesel Fuel as alternative fuel under Sec. 301(2) of the Energy Policy Act of 
1992; 2002. 

[34] Sasol-Chevron. The Transformation of Global Energy Markets: The 
Future Roles of GTL and LNG. www.techtp.com/FT%20Liquids%20from 
%20TW%20Gasification.pdf. 

[35] U.S. department of Energy. National Energy Technology Laboratory, Prelimi- 
nary Screening-Technical and Economic Assessment of Synthesis Gas to Fuels 
and Chemicals with Emphasis on the Potential for Biomass-derived Syngas; 
2003. 

[36] U.S. Environmental Protection Agency (EPA), www.epa.gov. 

[37] CONCAWE. Alternative fuels in the automotive market; 1995. 

[38] Methanex. www.methanex.com. 

[39] European Commission. Directorate-General Joint Research Centre. Fuel cells - 
impact and consequences of fuel cells technology on sustainable development. 
Institute for Prospective Technological Studies; 2003. 


P.K. Swain et al. / Renewable and Sustainable Energy Reviews 15 (2011) 4917-4933 4933 


[40] European Commission. Directorate-General Joint Research Centre. Trends in 
vehicle and fuel technologies. Institute for Prospective Technological Studies; 
2003. 

[41] Methanol Institute. www.methanol.org. 

[42] ECOTRAFFIC for Swedish National Road Administration. Sustainable fuels: 
Introduction of biofuels; 2002. 

[43] U.S. Department of Energy. National Renewable Energy Laboratory. Survey of 
the Economics of Hydrogen Technologies; 1999. 

[44] NSCA. Cleaner Transport Forum and Institute for European Environmental 
Policy. Expert paper on the global impacts of road transport biofuels - a con- 
tribution to the government’s analysis. 

45] Enguidanos M, Soria A, Kavalov B, Jensen P. Techno-economic analysis of bioal- 
cohol production in the EU: a short summary for decision-makers. European 
Commission, Directorate-General Joint Research Centre, Institute for Prospec- 
tive Technological Studies; 2002. 

46] Bechtel Limited for the European Commission. Directorate-General for Energy 
and Transport. A technical study on fuels technology related to the auto-oil II 
programme - final report volume II: alternative fuels; 2000. 

47] International Association for Natural Gas Vehicles (IANGV). Pathways for nat- 
ural gas into advanced vehicles; 2002. 

48] International Energy Agency. Bus systems for the future - achieving sus- 
tainable transport worldwide. Organisation for Economic Development and 
Co-operation; 2002. 

49] Abengoa SA, AB Volvo, AGA Gas AB, Haldor Topsöe A/S, LRF Lantbrukarnas Rilks- 
forbund, OKQ8, Preem Petroleum AB, Sydkaft AB, TPS Termiska Processer AB, 
Växjö Energi AB, The Bio-DME Project Phase 1, Report to Swedish National 
Administration (STEM)-non-confidential version; 2002. 

50] Alternative Fuels Contact Group. Market development of alternative fuels; 
2003. 

[51] Boerrigter H, Zwart R. High efficiency co-production of Fischer-Tropsch (FT) 
transportation fuels and substitute natural gas (SNG) from biomass. Energy 
Research Centre of the Netherlands; 2004. 

[52] Chang J. Biomass synthetic fuel laboratory - Chinese academy of science. In: 
Methanol and DME production from thermal chemical conversion of biomass, 
EU china workshop on liquid biofuels; 2004, http://europa.eu.int/comm/ 
research/energy/gp/gp_events/china/article_1738_en.htm. 

[53] Centre for Biomass Technology, on behalf of the Danish Energy Agency. Straw 
for energy production: technology - environment - economy; 1998. 

[54] CONCAWE. Product dossier: liquefied petroleum gas; 1992. 

[55] CONCAWE. Product dossier: gasolines; 1992. 

[56] CONCAWE. Product dossier: gas oils (diesel fuels/heating oil’s); 1995. 

[57] ECOTRAFFIC for Swedish National Road Administration. Sustainable fuels: 
introduction of biofuels; 2002. 

[58] ECOTRAFFIC for Swedish National Road Administration. Well-to Wheel effi- 
ciency of alternative fuels from natural gas or biomass; 2001. As such, it is even 
preferred in comparison with oil-derived naphtha, owing to its larger content 
of linear paraffins and lower content of sulphur. 

[59] ECOTRAFFIC for Swedish National Road Administration. Well-to Wheel effi- 
ciency of alternative fuels from natural gas or biomass; 2001. 

[60] European Automobile Manufacturers Association (ACEA), Alliance of Auto- 
mobile Manufacturers, Engine Manufacturers Association (EMA) and Japan 
Automobile Manufacturers Association (JAMA). World wide fuel charter; 2002. 

[61] GM, LBST, BP, ExxonMobil, Shell, Total FinaElf. GM well-to-wheel analysis of 
energy use and greenhouse gas emissions of advanced fuel/vehicle systems - 
a European study; 2002. 

[62] Heinl E. (Volkswagen AG), The BTL-project RENEW of the European Union Man- 
aged by VW, BTL symposium, Wolfsburg; 2004. www.fnr.de/btl-symposium/. 

[63] International Energy Agency. Automotive fuels for the future - the search for 
alternatives; 1999. 

[64] J.E. Sinor Consultants Inc. for National Renewable Energy Laboratory (NREL). 
Dimethyl ether as a transportation fuel; 1997. 

[65] Maples RE. Petroleum refinery process economics. PennWell Corporation; 
2000. 

[66] Morita Y. Japan National Oil Group Corp., Marketability of GTL from Natural 
Gas, 2001. http://eneken.ieej.or.jp/en/data/old/pdf/0111_04e.pdf. 

[67] Nykomb Synergetics AB. In: Ekbom T, editor, Ecotraffic, Methanex, Chemrec, 
OKQ8, Volvo, ALTENER-Technical and Commercial feasibility Study of Black 
Liquor Gasification with Methanol/DME Production as Motor Fuels for Auto- 
motive Uses - BLGMF; 2003. 

[68] Schaberg P, Morgan P, Myburgh I, Roets P, Botha J. (Sasol Oil (Pty) Ltd.), An 
overview of the production, properties and exhaust emissions performance of 
sasol slurry phase distillate diesel fuel. 

[69] Volkswagen AG. The basis for sustainable mobility - Sunfuel; 2004. 


[70] U.S. Department of Energy. Federal Energy Technology Center (FETC). 
www fetc.doe.gov. 

[71] Fleisch T, Sills R, Briscoe M. Emergence of the gas-to-liquids industry: a review 
of global GTL developments. J Nat Gas Chem 2002, http://www.bjb.dicp.ac.cn/ 
jngc/2002/20020403.pdf. 

[72] SDE. Climate neutral fuels from biomass: the BIG-FiT concept; 2002. 

[73] Sasol-Chevron. Global trends in transportation fuels and the role of natural gas 
- an Australian perspective. www.sasolchevron.com. 

[74] Shell Gas & Power. Gas to liquids: shell middle distillate synthe- 
sis process and products. http://www.shell.com/home/Framework?siteld 
=shellgasandpoweren; 2002. 

[75] Daimler Chrysler. Energy for the future - on the way to emission-free driving; 


[76] Heinrich H, Steiger W. (Volkswagen AG), Herrmann H-O (Daimler Chrysler). 
BTL in vehicles—potentials of fuel and combustion process, BTL symposium, 
Wolfsburg, www.fnr.de/btl-symposium/; 2004. 

[77] Lappas A, Voutetakis S, Drakaki N, Papapetrou M, Vasalos I. Pro- 
duction of transportation fuels from biomass. http://www.cperi.certh.gr/ 
en/news/Workshop_2004/Presentations_pdf/S2_2_Lappas_1 521145.pdf. 

[78] Syntroleum Corporation. Syntroleum S-2 synthetic diesel driving clean-fuel 
innovation; 2002. 

[79] Rouveirolles P. The results of motor tests of synthetic fuels by Renault (presen- 
tation slides). In: Stöhr M, editor. 2nd European summer school on renewable 
motor fuels. Warsaw: Baum Consult; 2007. Retrieved from http://www.baum- 
consult.de/Renew/on 18.1.08. 

[80] Degen W. The results of motor tests of BTL by Daimler-Chrysler (presenta- 
tion slides). In: Stöhr M, editor. 2nd European summer school on renewable 
motor fuels. Warsaw: Baum Consult; 2007. Retrieved from http://www.baum- 
consult.de/Renew/on 18.1.08. 

[81] Hein! E. The results of motor tests of BTL by VW (presentation slides). In: Stohr 
M, editor. 2nd European summer school on renewable motor fuels. Warsaw: 
Baum Consult; 2007. Retrieved from http://www.baum-consult.de/Renew/on 
18.1.2008. 

[82] Jungbluth N, Erdöl. In: Dones R, editor. Sachbilanzen von Energiesystemen: 
Grundlagen fiir den 6kologischen Vergleich von Energiesystemen und den Ein- 
bezug von Energiesystemen in Okobilanzen fiir die Schweiz. Diibendorf, CH: 
Paul Scherrer Institut Villigen, Swiss Centre for Life Cycle Inventories; 2007. 
www.ecoinvent.org. 

[83] Spielmann M, Dones R, Bauer C, Tuchschmid M. Life cycle inventories of trans- 
port services. CD-ROM, ecoinvent report No. 14, v2.0, Swiss Centre for Life Cycle 
Inventories: Diibendorf, CH. Retrieved from www.ecoinvent.org; 2007. 

[84] Reinhardt G, Gartner S, Patyk A, Rettenmaier N. Okobilanzen zu BTL.: Eine 
ökologische Einschätzung. IFEU im Auftrag der Fachagentur Nachwachsende 
Rohstoffe e.V.: Heidelberg. Retrieved from www.fnr-server.de; 2006. 

[85] Edwards R, Larivé J-F, Mahieu V, Rouveirolles P. Well-to-wheels analysis 
of future automotive fuels and power trains in the European con- 
text. WTW report Version 2c, Concawe, EUCAR, JRC/IES. Retrieved from 
http://ies.jrc.cec.eu.int/wtw.html; 2007. 

[86] Alliance for Synthetic Fuels in Europes Position Paper. Emissions from Synthetic 
Fuels; 2007. 

[87] Williams RH, Larson ED, Jim H.8th international conference on greenhouse gas 
control technologies. 2006. 

[88] Sims REH, Mabee W, Saddler JN, Taylor M. An overview of second generation 
biofuel technologies. Bioresour Technol 2010;101:1570-80. 

[89] Kersten SRA, Swaaij WPM, van Lefferts L, Seshan K. In: Centi G, van Santen 
RA, editors. Catalysis for renewables: from feedstock to energy production. 
Weinheim: Wiley-VCH; 2007. p. 119, in particular [chapter 6]. 

[90] Mohan D, Pittman CU, Steele PH. Pyrolysis of wood/biomass for bio-oil: a critical 
review. Energy Fuels 2006;20(3):848-89. 

[91] Baitz M, Binder M, Degen W, Deimling S. Kurzfassung: Vergleichende Oko- 
bilanz von SunDiesel (Choren-Verfahren) und konventionellem Dieselkraft- 
stoff. Stuttgart, DE: PE Europe GmbH im Auftrag von Volkswagen AG 
und DaimlerChrysler AG; 2004. www.choren.com/de/choren_industries/ 
informationen_presse/info_downloads. 

[92] Jungbluth N, Frischknecht R, Faist Emmenegger M. Review of LCA case studies 
for BTL-fuel production. RENEW - renewable fuels for advanced powertrains, 
Sixth framework programme: sustainable energy systems. Deliverable: D 5.2.1, 
ESU-services: Uster; 2004. 

[93] Jungbluth N, Frischknecht R, Faist Emmenegger M, Tuchschmid M. Life cycle 
assessment of BTL-fuel production: goal and scope definition (revised). RENEW 
- renewable fuels for advanced powertrains, Sixth framework programme: 
sustainable energy systems. Deliverable: D 5.2.2, ESU-services Ltd.: Uster. 
Retrieved from www.esu-services.ch; 2007. 


